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DSCThe interaction between cholesterol (Chol) and phospholipids in bilayers was investigated for the ternary model
lipid rafts, DOPC/eSM/Chol and DOPC/DPPC/Chol, with differential scanning calorimetry (DSC) and 13C cross polar-
ization magic angle spinning (CP–MAS) solid-state NMR. The enthalpy and transition temperature (Tm) of the Lα
liquid crystalline phase transition from DSC was used to probe the thermodynamics of the different lipids in the
two systems as a function of Chol content. The main chain 13C (CH2)n resonance is resolved in the 13C CP–MAS
NMR spectra for the unsaturated (DOPC) and saturated (eSM or DPPC) chain lipid in the ternary lipid raft mixtures.
The 13C chemical shift of this resonance can be used to detect differences in chain ordering and overall interactions
with Chol for the different lipid constituents in the ternary systems. The combination of DSC and 13C CP–MAS NMR
results indicate that there is a preferential interaction between SM and Chol below Tm for the DOPC/eSM/Chol
system when the Chol content is ≤20 mol%. In contrast, no preferential interaction between Chol and DPPC is ob-
served in the DOPC/DPPC/Chol system above or below Tm. Finally, 13C CP–MAS NMR resolves two Chol environ-
ments in the DOPC/eSM/Chol system below Tm at Chol contents >20 mol% while, a single Chol environment is
observed for DOPC/DPPC/Chol at all compositions.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The viewpoint that cellular membranes exist in a continuous liquid
crystalline (Lα) or liquid-disordered (ld) phase is rapidly changing. Over
the past 15 years a renewed interest inmembrane biochemistry and bio-
physics has occurred in response to the proposed hypothesis that the
plasma membrane of cells could be comprised of functional domains
referred to as lipid rafts [1–4]. The formation and detection of lipid rafts
in biomembranes have attracted considerable attention due to their role
in various cellular processes such as signal transduction, endocytosis,
cholesterol shuttling and protein sorting [1,5–9]. Lipid rafts have been
linked to the formation of protein aggregates responsible for prion and
Alzheimer's diseases and as potential sites for toxin binding and pathogen
entry [10–12]. It has been suggested that lipid rafts play a vital role in how
HIV-1 interactswith cellularmembranes [13–15]. Lipidmembrane lateral
inhomogeneity and raft formation have been implicated in a number of
lipid-associated disorders such as Tangier disease, Niemann–Pick disease3-phophocholine; eSM, egg
sphocholine; Chol, cholesterol;
temperature; Lα, liquid crystal-
ization magic angle spinning
D HETCOR, two-dimensional
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rights reserved.type C and atherosclerosis [16]. Although it has become apparent that
lipid rafts are involved in biological function and disease, a molecular
level understanding of the interactions responsible for raft formation
remains elusive.
Lipid rafts are described as liquid-ordered domains (lo) comprised of
saturated chain lipids and Chol dispersed in a ldmatrix that has a high un-
saturated chain lipid content and low Chol population. The ﬁrst evidence
for the existence of lipid rafts was the detection of insoluble, detergent-
resistant membranes [17]. These insoluble lipid phases were rich in
sphingomyelin (SM) and cholesterol (Chol). Because of the indirect way
lipid rafts were originally discovered (detergent-extraction) and the
lack of further experimental evidence for their existence in live cells, the
raft hypothesis remained controversial [18–20]. However, over the past
decade, experimental evidence for membrane heterogeneity in live cells
has appeared in the literature supporting the existence of lipid rafts in
vivo [21–27].
Anumber ofmodelmembrane systemshave been studied to elucidate
the thermodynamic driving forces behind domain formation in lipidmix-
tures containing Chol. Two common model systems are DOPC/SM/Chol
and DOPC/DPPC/Chol. Liquid–liquid immiscibility has been detected
in both of these systems with various experimental techniques, in-
cluding ﬂuorescence microscopy [28–33], 2H NMR spectroscopy
[28,34], 1H MAS NMR [35], pulsed ﬁeld gradient (PFG) diffusion
NMR [36–40], electron paramagnetic resonance (EPR) [41], atomic
force microscopy (AFM) [42,43], X-ray diffraction (XRD) [44], and
neutron scattering [45]. Phase diagrams have been created for both
DOPC/DPPC [31] and DOPC/SM [30,46] ternary systems containing
Fig. 1. The molecular structure of (A) 1,2-dipalmitoyl-sn-glycero-3-phophocholine
(DPPC), (B) the primary component of egg sphingomyelin, N-palmitoyl-D-erythro-
sphingosylphosphorylcholine, (C) 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
and (D) cholesterol with the numbering nomenclature.
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dynamic models involving condensed complexes where DPPC or SM
forms the lo phase by incorporating Chol that preferentially interacts
with the saturated hydrocarbon chains of these lipids, where the unsatu-
rated chain DOPC lipid comprises the ld environment surrounding the lo
domains [47–49]. Although the DOPC/DPPC/Chol and DOPC/SM/Chol
model raft systems both exhibit liquid–liquid immiscibility and have sim-
ilar phase diagrams [30,31], SM appears to more effectively decrease the
interaction between Chol andDOPC compared toDPPC in the two ternary
systems [40,42]. This indicates that there is a distinct difference between
the lipid–lipid and lipid–sterol interactions in these two ternary model
raft formers.
Differential scanning calorimetry (DSC) and 13C cross polarization
magic angle spinning (CP–MAS) solid-state NMR are powerful tools
for interrogating lipid–Chol interactions. DSC has been used exten-
sively for decades in the biomembrane community to probe the
thermodynamics of binary [50–64] and to a lesser extent, ternary
[60,65–67] lipid bilayers containing Chol. The enthalpy and Tm of
the liquid crystalline phase transition can be used to investigate the ther-
modynamics of the lipid bilayer system of interest as a function of Chol
composition. Various 13C MAS, 13C CP–MAS and two-dimensional (2D)
1H/13C heteronuclear correlation (HETCOR) NMR methods have been
used to probe the molecular structure and dynamics of PC [59,68–81]
and SM [82–85] lipid bilayers containing Chol. The 1H and 13C isotropic
chemical shifts of the lipids and Chol extracted from these NMR studies
provide valuable information regarding chain ordering, hydrogen-
bonding and overall sterol–lipid interactions. In the present study,
we use a combination of DSC and 13C CP–MASNMR to study the ther-
modynamics, structure and dynamics of the lipid and sterol constit-
uents in DOPC/DPPC/Chol and DOPC/SM/Chol model lipid rafts as a
function of Chol composition. Some distinct differences are found
between the two systems.2. Material and methods
2.1. Materials
1,2-Dipalmitoyl-sn-glycero-3-phophocholine (DPPC), egg sphingo-
myelin (eSM), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and
cholesterol were purchased from Avanti Polar Lipids Inc. (Alabaster,
AL) and used as received. The SM had the following acyl chain com-
position: 86% 16:0, 6% 18:0, 3% 22:0, 3% 24:1, and 2% unknown,
according to the manufacturer. See Fig. 1 for the lipid molecular
structures.2.2. Lipid membrane sample preparation
Bilayer lipid membranes were prepared as previously described
[80,85–87]. Brieﬂy, the membrane constituents were combined and
dissolved in chloroform followed by vacuum drying overnight at
room temperature to remove the solvent. The lipids were then hy-
drated with deionized water in a conical vial and mixed with a
vortex mixer. This was followed by a minimum of ﬁve to eight
freeze-thaw cycles in a −80 °C freezer and a warm water bath
set to 40–50 °C, above Tm of the saturated chain lipid constituent.
As previously veriﬁed by 31P solid-state NMR, this protocol results
in largemultilamellar vesicles (MLV's) greater than 1 μm in diameter
[87]. For the ternary lipid bilayer mixtures, the molar stoichiometry
was always 1:1 between DOPC and the saturated chain lipid (eSM
or DPPC). All lipid samples were 33 wt.% phospholipid. The lipid bi-
layer samples were loaded in 4 mm zirconia MAS rotors for NMR
studies and sealed with kel-F inserts and caps. For DSC, the samples
were transferred to TA Tzero pans and hermetically sealed with a
Tzero press.2.3. Differential scanning calorimetry (DSC)
DSCwas performed using a Dupont instruments DSC 2910 equipped
with a TA instruments DSC cell. The standard experiment for each
sample was a 5 °C/min ramp from −50 °C to 80 °C under high purity
Helium with a ﬂow rate of 30 ml/min. Sample runs were repeated a
minimumof three times to ensure reproducible results. The DSC sample
size was ~5–8 mg of lipid. The DSC thermograms were analyzed with
TA Universal Analysis Software to extract the enthalpy and Tm of the
melting transition. Tm was measured at the transition maxima.
2.4. 13C solid-state NMR spectroscopy
13C CP–MAS NMR spectra were collected on a Bruker Avance III
400 MHz spectrometer equipped with a 4 mm double resonance
MAS probe. The MAS frequency was 10 kHz in all experiments. The
CP pulse sequence utilized a 4 μs 1H π/2 pulse, a 5 ms ramped
(50 → 100%) spin lock pulse on the 1H channel and square contact
pulse on the 13C channel with a radio frequency (rf) ﬁeld strength
of 62.5 kHz. Two pulse phase modulated (TPPM) 1H decoupling
with a 15° phase shift was applied during acquisition with a rf ﬁeld
strength of 30 kHz. The actual lipid sample temperature was careful-
ly calibrated to account for the heating effects of proton decoupling
and MAS as previously described [88]. The heating effect of the low
power decoupling was found to be negligible and the MAS heating
effect was determined to be 10 °C. Data was collected above (45 °C)
and below (35 °C) the Lα liquid crystalline phase transition of the satu-
rated chain lipid. All 13C chemical shifts were referenced to the CH2 of
adamantane at 38.48 ppm on the neat TMS scale. The 13C chemical
shift of the Cγ resonance of the phospholipid is identical for the three
phospholipids (DOPC, DPPC and eSM) and not inﬂuenced by the incor-
poration of cholesterol or changes in temperature (above or below Tm).
For increased accuracy and robustness, this resonance was used as an
internal 13C chemical shift reference.
The 13C chemical shift behavior of the lipid main chain (CH2)n reso-
nance was plotted for both binary and ternary bilayers as a function
of Chol content to probe chain ordering. All data points were included
for the binary systems. For the ternary systems, there were some
Fig. 2. DSC thermograms showing the effect of cholesterol on the Lβ/Lα phase transition for single constituent (A) DOPC, (B) DPPC, and (C) eSM lipid bilayers. The cholesterol concen-
tration in mole% is indicated in the ﬁgure.
Fig. 3. DSC thermograms showing the effect of cholesterol on the Lβ/Lα phase transition
for DOPC in ternary mixtures containing (A) DPPC and (B) eSM. The cholesterol concen-
tration in mole% is indicated in the ﬁgure.
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stituent (eSM or DPPC) could not be resolved because of line broad-
ening, particularly below Tm. In these cases, the data point was not
included in the plot. In addition, there was an unusually high degree
of chain ordering observed for DOPC in the DOPC:DPPC system with
3% Chol at 35 °C that did not match the other trends. This data point
was also omitted.
3. Results
3.1. DSC of binary lipid bilayers: DOPC/Chol, DPPC/Chol and eSM/Chol
The DSC thermograms for the binary lipid bilayers as a function of
Chol content are shown in Fig. 2. For all three bilayers, a broadening
and decrease in enthalpy is observed for the main chain Lα liquid crys-
talline phase transition and the transition is completely abolishedwhen
the Chol content reaches 50 mol%. The DPPC bilayer also displays a
pre-transition that completely disappears when the Chol content is
>10 mol%. Overall these DSC results agree with previous reports on
DOPC [52], DPPC [55,56] and SM [54,64] bilayers as a function of Chol
content. In addition to the decrease in enthalpy, the DOPC bilayer dis-
plays a considerable shift (~5 °C) in Tm to lower temperatures as the
Chol mole fraction in the bilayer is increased. An appreciably smaller
(~1–2 °C) Tm change is observed for the eSM bilayers and a consider-
ably more complicated, multi-component thermogram is observed for
the DPPC bilayer as the Chol content is increased in the system. Similar
bimodal thermograms have been used as evidence for phase separa-
tion in the binary DPPC/Chol system [55]. The enthalpy and Tm trends
observed in the binary systems are compared to the more complex ter-
nary systems to help expound Chol–lipid interactions in themodel lipid
raft formers discussed below.
3.2. DSC of ternary lipid bilayers: DOPC/DPPC/Chol and DOPC/eSM/Chol
The DSC themograms of the ternary DOPC/DPPC/Chol system
displayed a very broad DPPC Lα phase transition that was completely
removed when the Chol molar composition was increased above
20 mol%. For the DOPC/eSM/Chol lipid bilayer, no saturated chain liquid
crystalline phase transition was observed at any Chol content, including
the DOPC/eSM sample with 0 mol% Chol. A clear, well-deﬁned liquid
crystalline phase transition was observed for the unsaturated lipid,
DOPC, in both systems across the Chol composition range. Because
of this, the behavior of the DOPC Lα phase transition will be the focus
for interrogating lipid–Chol interactions fromDSC for the ternary systems.
The DSC thermograms for DOPC in DOPC/DPPC/Chol and DOPC/eSM/
Chol as a function of Chol composition are presented in Fig. 3. For the
DOPC/DPPC/Chol bilayer system, the DOPC Lα phase transition shifts to
lower temperature as the Chol content in the bilayer is increased (seeFig. 3A). In contrast, the DOPC Lα phase transition in DOPC/eSM/Chol
does not shift to lower temperature until the Chol content is increased
above 20 mol% (see Fig. 3B). This indicates that there is a distinct differ-
ence in DOPC–Chol interactions for the two systems. Speciﬁcally, there
appears to be essentially no interaction between DOPC and Chol in
the DOPC/eSM/Chol system until the Chol content is >20 mol% while,
DOPC appears to interact with Chol at all compositions in DOPC/DPPC/
Chol. The change in themain chain liquid crystalline phase transition tem-
perature (ΔTm)ofDOPC is plotted in Fig. 4 as a functionof Chol content for
DOPC/Chol, DOPC/eSM/Chol and DOPC/DPPC/Chol to further elucidate
these trends. For the DOPC/DPPC/Chol bilayer, the DOPC Lα phase
Fig. 5. The total enthalpy as a function of cholesterol content for (A) binary lipid bilayers,
(●) DPPC, (■) DOPC, and (▲) SM and (B) ternary lipid bilayers (■) DOPC in DOPC:DPPC
and (▲) DOPC in DOPC:eSM.
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ry DOPC/Chol system in the 0–20 mol% Chol range. Assuming that Chol
does notmodulate themiscibility betweenDPPC andDOPC, this indicates
that roughly half the Chol interacts with DOPC while, the other half pre-
sumably interacts with DPPC. This is in stark contrast with the behavior
observed for DOPC/eSM/Chol where there is essentially no change in
the Lα Tm for DOPC up to 20 mol% Chol. Interestingly, there is an increase
in theΔTm at 20 mol% followed by a sharp decrease as the Chol amount is
increased to 33 mol% for DOPC/DPPC/Chol. The increase in ΔTm near
20 mol% Chol in DOPC/DPPC/Chol may signify a decreased interaction
betweenDOPC and Chol and could indirectly indicate an increasing inter-
action betweenDPPC and Chol at this composition. However, theΔTmde-
creases sharply at Chol content>20 mol% approaching aΔTmnear that of
the DOPC/Chol systemwhen the Chol population is increased to 33 mol%.
The ΔTm decreases for DOPC/eSM/Chol when the Chol mole fraction is
increased above 20 mol% although the trend is not as sharp as the one
observed for DOPC in DOPC/DPPC/Chol indicating that DOPC begins
interacting with Chol when the Chol composition is >20 mol% in DOPC/
eSM/Chol. Overall these trends appear to indirectly indicate that there is
a preferential interaction between eSM and Chol in DOPC/eSM/Chol
when the Chol content is ≤20 mol%. There appears to be little, if any
evidence for a preferential interaction between DPPC and Chol in DOPC/
DPPC/Chol.
The enthalpy of the Lαphase transition fromDSC can be used to probe
lipid–Chol interactions in the binary and ternary bilayers. The overall en-
thalpy is plotted in Fig. 5A as a function of Chol mole% for the binary lipid
bilayer systems, DPPC/Chol, DOPC/Chol and eSM/Chol. The observed
trends for the binary systems are nearly identical to those published pre-
viously in the literature [52,54–56,58,69]. Speciﬁcally, there is a decrease
in the enthalpy as the Chol content is increased in all three binary systems
with the sharpest decay being observed for the eSM/Chol system. The lat-
ter has long been used to argue that SM lipids interactmore stronglywith
Chol compared to PC lipids [51,54,57,60]. The DPPC bilayer displays an
unusual shape to the overall enthalpy curve as a function of Chol
content similar to previous studies [69]. This can be attributed to the
multi-component nature of the DPPC DSC thermograms as a function
of Chol composition (see Fig. 2B) and the possibility of phase separation
in the DPPC/Chol binary system [55]. These enthalpy trends for the bi-
nary systems can be used to assist in understanding lipid–Chol interac-
tions in the more complex ternary systems.
The enthalpy of the DOPC Lα phase transition is plotted as a function
of Chol content for theDOPC/DPPC/Chol andDOPC/eSM/Chol bilayers in
Fig. 5B. In the DOPC/DPPC/Chol system, the enthalpy of the DOPC Lα
phase transition decreases similarly to the DOPC/Chol binary system
(see Fig. 5A) indicating a continuous interaction with cholesterol even
in the presence of DPPC. In contrast, the DOPC Lα phase transition in
the DOPC/eSM/Chol system displays an increasing enthalpy up toFig. 4. The change in temperature (ΔTm) of the DOPC Lα melting transition measured
at the heat capacity maxima for (●) DOPC, (■) DOPC:DPPC, and (▲) DOPC:eSM bilay-
ers as a function of cholesterol.20 mol% Chol followed by a sharp decrease from 20 to 33 mol%
Chol. This increasing enthalpy in the 0–20 mol% Chol composition
range indicates a decreasing interaction between eSM and DOPC and no
evidence for an interaction between DOPC and Chol. These enthalpy
trends agree with the Tm results plotted in Fig. 4 where no change in
the DOPC Tmwas observed up to 20 mol% Chol in the DOPC/eSM/Chol bi-
layer membrane. Overall the DSC results indirectly indicate a preferential
interaction between eSMand Chol in the DOPC/eSM/Cholmodel lipid raft
and no preferential interaction between DPPC and Chol in the DOPC/
DPPC/Chol system.
3.3. 13C CP–MAS NMR of binary lipid bilayers: DOPC/Chol, DPPC/Chol and
eSM/Chol
The 13C CP–MAS NMR spectra for the binary lipid bilayers with vary-
ing Chol contents are shown in Fig. 6 above and below the Tm of the
saturated chain lipid. The 13C isotropic chemical shift of the main acyl
chain (CH2)n resonance is sensitive to thepopulation of trans/gauche con-
formations and can be used to measure chain ordering induced by the
presence of Chol in the bilayer [68,82,89]. A larger 13C chemical shift for
this resonance indicates a higher population of trans conformers and
therefore, a higher degree of chain ordering. The 13C chemical shift behav-
ior of this resonance is similar for the eSMandDPPC bilayers as a function
of Chol content. Below Tm the (CH2)n 13C resonance displays a chemical
Fig. 6. The 13C CP–MAS NMR spectrum collected (A) above (45 °C) and (B) below (35 °C) the Tm of the saturated chain lipid for binary bilayers containing cholesterol. The speciﬁc
lipid bilayer is denoted in the ﬁgure with the cholesterol concentration in mole%.
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range studied. This is consistent with an all trans conformation of the
acyl lipid chain in the Lβ gel phase and shows that Chol does not impact
the chain packing in this phase to any appreciable extent. In contrast,
above Tm in the liquid crystalline phase, a smaller chemical shift is ob-
served because of the higher degree of chain disorder and larger popula-
tion of gauche conformers in this phase when Chol is not present.
Increasing the Chol content in both DPPC and eSM bilayers above Tm re-
sults in a considerable increase in the 13C chemical shift of the (CH2)n res-
onance that approaches the chemical shift observed in the Lβ gel phase
when the Chol content reaches 50 mol%. This illustrates that Chol in-
creases the population of trans conformations of the acyl chain above
Tm resulting in formation of the lo phase at 50 mol% Chol. The lo phase
is characterized by a high population of trans conformations in the acyl
chain region with headgroup dynamics from 31P NMR comparable to
the liquid crystalline phase [87]. In general, the 13C chemical shift trends
observed for the eSM/Chol and DPPC/Chol bilayers agree with previously
published results [68,82]. In addition to the eSM and DPPC bilayers, the
13C (CH2)n chemical shift trends as a function of Chol composition were
probed for the unsaturated lipid, DOPC. The DOPC (CH2)n resonance
also displays an increase in chemical shift at the two temperatures
(both which are well above the Lα phase transition) studied as the Chol
content is increased in the binary DOPC bilayer. However, the chemical
shift change is smaller than those observed for the saturated lipids
(eSM and DPPC).
In order to compare the impact of Chol on the different lipid bilayers
more closely, the 13C chemical shift of the (CH2)n resonance is plotted
as a function of Chol content (see Fig. 7). For the saturated chain lipids
eSM and DPPC below Tm, there is a slight decrease in the 13C chemical
shift as the Chol content is increased indicating aminor disordering effect
in the Lβ gel phase. However, this disordering effect appears small when
considering the chemical shift changes observed above Tmwhen the Chol
population is increased in the eSM and DPPC bilayers (see Fig. 7A and B).
Interestingly, when comparing the eSM/Chol and DPPC/Chol bilayers
above Tm, the (CH2)n 13C chemical shift of eSM actually reaches the
same chemical shift as the Lβ gel phase while, the shift for DPPC is
0.5 ppm lower than that observed in the Lβ gel phase. This indicatesthat Chol has a stronger ordering effect on eSM compared to DPPC.
This is consistent with the earlier published results that indicated a
stronger interaction between Chol and SM lipids compared to PC lipids
[51,54,57,60,85]. For the DOPC/Chol bilayer, the impact of Chol incorpo-
ration in the bilayer on the 13C chemical shift is smaller compared to the
eSMandDPPC systems. Nonetheless, Chol does have a detectable order-
ing effect on themain acyl chain of DOPC. These 13C chemical shift trends
observed for the (CH2)n resonance in the binary systems can be used to
understand Chol–lipid chain ordering in the more complicated ternary
model raft systems.
3.4. 13C CP–MAS NMR of ternary lipid bilayers: DOPC/DPPC/Chol and
DOPC/eSM/Chol
The 13C CP–MAS NMR spectra for the DOPC/DPPC/Chol and DOPC/
eSM/Chol ternary lipid bilayermembranes are presented in Fig. 8. Spec-
tra were collected above and below the saturated chain lipid Tm. For
both systems, the main chain (CH2)n 13C resonance is resolved for
DOPC and the saturated chain lipid (DPPC or eSM). Thus, lipid–Chol in-
teractions and chain ordering can be tracked for both lipid constituents
and compared between the two systems. It should be noted that this 13C
CP–MAS NMR approach for tracking chain ordering in the complex ter-
nary mixtures does not require any selective isotope labeling as is the
case with 2H NMR spectroscopy or a probe molecule as is the case
with other techniques like ﬂorescence microscopy or EPR. This is a con-
siderable advantage since isotope labeling and the presence of probe
molecules have been shown to impact the phase behavior and transi-
tion temperatures of lipid bilayer mixtures [90,91].
Prior to the addition of cholesterol and below Tm, the saturated chain
lipids (DPPC and eSM) in DOPC/DPPC and DOPC/eSM exhibit 13C (CH2)n
main chain chemical shifts of 30.7 and 30.9 ppm, respectively. These
shifts are identical to those observed for the lipids in the Lα liquid crystal-
line phase indicating that the presence of DOPC disrupts the trans acyl
chain packing of the gel phase where larger shifts of ~32.5 ppm are
expected (see Figs. 6 and 7). When Chol is incorporated in both systems
the saturated chain lipid (CH2)n resonance shifts to higher ppm indicating
a chain ordering effect induced by the presence of Chol in the bilayer.
Fig. 7. The 13C chemical shift of themain chain (CH2)n resonance as a function of cholesterol
content (open) below (35 °C) and (closed) above (45 °C) the Tm of the saturated chain lipid
for (A) DPPC, (B) eSM, and (C) DOPC.
Fig. 8. The 13C CP–MAS NMR spectrum collected (A, C) above (45 °C) and (B, D) below
(35 °C) the Tm of the saturated chain lipid for ternary bilayers containing DOPC:DPPC
or DOPC:SM and cholesterol. The speciﬁc lipid bilayer is denoted in the ﬁgure with
the cholesterol concentration in mole%. The arrow denotes the saturated chain lipid
(DPPC or eSM) in the lo phase.
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observed in both systems at the higher Chol contents (≥20 mol% Chol).
This second component, indicated with an arrow in Fig. 8, has a larger
chemical shift (~32 ppm) and is more readily distinguished above Tm of
the saturated chain lipid (Fig. 8A, C). The chemical shift of this broad res-
onance is indicative of the trans acyl chain packing and can be assigned to
the lo phase.
The DOPC (CH2)n resonance in the two systems has a chemical shift
similar to the pure DOPC lipid bilayers in the Lα phase, although it ap-
pears to be ~0.1 ppm higher in the 1:1 mixture with the saturated
chain lipid. This shows that the saturated lipid has some effect on the
DOPC chain order however, the impact is negligible compared to the
impact DOPC has on the saturated chain ordering in the 1:1 mixtures
with DPPC or eSM (discussed above). When Chol is incorporated into
the ternary systems, the impact on the (CH2)n chemical shift of DOPC
is similar in the two systems above Tmwhere a shift to higher ppm is ob-
served as the Chol concentration is increased (see Fig. 8). However,
below Tm, there is a distinct difference between the DOPC/DPPC/Chol
and DOPC/eSM/Chol systems. Speciﬁcally, the DOPC (CH2)n resonance
in DOPC/eSM/Chol displays no shift to higher ppm up to 20 mol% Chol
while, DOPC in the DOPC/DPPC/Chol bilayer displays a continuous
(CH2)n resonance shift to higher ppm across the Chol composition
range. This result corroborates the Tm and enthalpy trends from
DSC where there appeared to be no interaction between DOPC and
Chol at the low Chol levels (discussed above, Figs. 4 and 5).The (CH2)n chemical shift trends for the saturated chain lipid in
DOPC/DPPC/Chol and DOPC/eSM/Chol measured above and below Tm
are plotted in Fig. 9. Above Tm a larger shift to higher ppm is observed
Fig. 10. The 13C chemical shift of the main chain (CH2)n resonance as a function of cho-
lesterol content (A) above (45 °C) and (B) below (35 °C) the Tm of the saturated chain
lipid for DOPC in ternary bilayers with (+) eSM and (■) DPPC. The 13C chemical shift
trend for binary (●) DOPC:Chol bilayers is shown for comparison purposes.
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This result is similar to the binary saturated chain lipid sampleswhere a
large degree of chain ordering is observed upon addition of Chol above
Tm with little to no change below Tm. Further, below Tm in the 0–
20 mol% Chol range where a preferential interaction with Chol is be-
lieved to occur for eSMandnotDPPC, the chemical shift change is nearly
identical for DPPC and eSM, ~0.2 ppm. This indicates that chain order-
ing for DPPC and eSM below Tm in this Chol range is similar. This
shows that although there appears to be no interaction between DOPC
and Chol below Tm for Chol compositions less than 20 mol%, it does
not appear to occurwith a corresponding larger increase in chain order-
ing for the saturated eSM lipid as the chemical shift change for DPPC and
eSM is similar in this Chol range.
The (CH2)n chemical shift trends for DOPC in the ternary lipid bilayers
are plotted in Fig. 10. Above Tm of the saturated chain lipid, the chemical
shift of theDOPC (CH2)n resonance is nearly identical in both systems and
increases consistently and linearly across the entire Chol composition. In
addition, the observed slope of the chemical shift as a function of Chol
content is nearly double the slope observed in the pure DOPC system.
This indicates that above Tm the chain ordering is likely impacted by not
only interactions with Chol but, the saturated chain lipid as well. Below
Tm some distinct differences are observed between the two systems.
The (CH2)n chemical shift of DOPC displays essentially no shift from 0 to
20 mol% Chol indicating that DOPC does not interact with Chol in this
composition range. Conversely, the DOPC (CH2)n chemical shift displays
a continuous shift in the DOPC/DPPC/Chol ternary mixture below Tm
with two DOPC components observed at 25 mol% Chol. The later was
the only composition that exhibited twoDOPC components andmay pro-
vide evidence for DOPC presence in two phases in the DOPC/DPPC/Chol
system.
A considerable advantage of utilizing 13C CP–MAS NMR to probe
lipid–Chol interaction in complex lipid mixtures is the ability to resolve
13C resonances from Chol. In the ternary lipid mixtures there was a dis-
tinct difference in the behavior of the C18 Chol resonance (see Fig. 1 for
structure). A blow-up of the low ppm region of the 13C CP–MAS NMR
spectrum highlighting the C18 resonance for the two ternary mixtures,
DOPC/DPPC/Chol and DOPC/eSM/Chol, is displayed in Fig. 11. For the
DOPC/eSM/Chol ternary mixture two C18 Chol environments areFig. 9. The 13C chemical shift of themain chain (CH2)n resonance as a function of cholesterol
content (A) above (45 °C) and (B) below (35 °C) the Tm of the saturated chain lipid for (▲)
eSM and (●) DPPC in ternary lipid bilayers with DOPC.observed for 25 and 33 mol% Chol. The Chol C18 resonance has been
shown to also shift to higher ppm as the Chol content is increased in
saturated chain binary lipid bilayers of DPPC/Chol and SM/Chol [68,82].
Interestingly, the two components observed in the DOPC/eSM/Chol ter-
nary mixture correlate well with the C18 shift of Chol in DOPC/Chol and
eSM/Chol. This indicates that Chol is present in both disordered DOPC/
Chol phase and more ordered eSM lo phase. It should also be noted that
the C18 of cholesterol should be deeply embedded in the membrane
suggesting that the two different chemical environments result from
chain packing differences and not from head group interactions. For
DOPC/DPPC/Chol only a single C18 Chol resonance was observed that
lied at a chemical shift between the DOPC/Chol and DPPC/Chol systems.
No evidence of two Chol populations was observed for DOPC/DPPC/Chol.
4. Discussion
The results from the present study indicate a distinct difference be-
tween the model lipid raft formers, DOPC/DPPC/Chol and DOPC/eSM/
Chol, in terms of lipid–Chol interactions. The DSC and 13C solid-state
NMR data provide evidence for a preferential interaction between eSM
and Chol at low Chol contents (≤20 mol%) for DOPC/eSM/Chol that
does not appear to occur in DOPC/DPPC/Chol. The DSC Tm and enthalpy
trends combined with the chain ordering of the acyl chain from 13C
solid-state NMR illustrate that DOPC has a decreased interaction with
eSM and essentially no interaction with Chol at these low Chol composi-
tions when below the Tm of the saturated chain lipid for DOPC/eSM/Chol.
In contrast, the DOPC/DPPC/Chol system has interactions between Chol
and the two lipids that appear to be similar with no preferential Chol in-
teraction observed. This is comparable to PFG NMR diffusion results that
indicated a similar interaction between DPPC and DOPC with Chol in
the DOPC/DPPC/Chol ternary system [40]. The present results agree
with the long standing idea that SM interacts more strongly with
Chol compared to saturated chain PC lipids [51,54,57,60]. They also
agree directly with 2H NMR results on DOPC/eSM/Chol and DOPC/
DPPC/Chol where the acyl chains of DOPCwere found to be less ordered
in the DOPC/eSM/Chol bilayer compared to the DOPC/DPPC/Chol bilay-
er suggesting that DOPC interacts less strongly with Chol in the former
Fig. 11. The low ppm region of the 13C CP–MAS NMR spectrum collected below (35 °C) the Tm of the saturated chain lipid for ternary bilayers (A) DOPC:SM and (B) DOPC:DPPC with
cholesterol. The cholesterol content in mole% is (red) 25%, (blue) 33% and (black) 50%. The binary lo phases of DOPC:Chol, SM:Chol, and DPPC:Chol are shown for comparison
purposes.
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and Chol was observed with 2H NMR on the related raft forming
model system, POPC/SM/Chol, where a preferential interaction with
Chol was observed in the same compositional range as the present
study [34].
The direct comparison of the DOPC/DPPC/Chol and DOPC/eSM/Chol
systems indicates that preferential Chol–lipid interactions can occur in
DOPC/eSM/Chol, but not theDOPC/DPPC/Chol bilayer in the composition-
al and temperature range studied here. However, the similarity in phase
separation behavior for the two systems [28,30,31], opens the question
as to what the driving force is behind phase separation in systems
where no preferential lipid–Chol interactions are present (i.e. DOPC/
DPPC/Chol). The current results show that although preferential lipid–
Chol interactions may assist in explaining phase separation in DOPC/
eSM/Chol, it does not explain how phase separation occurs in the
DOPC/DPPC/Chol system. It has been suggested that the driving force
behind phase separation in these ternary systems is exclusion of DOPC
from the lo phase and not due to any preferential Chol–lipid interactions
[40]. This viewpoint agrees with the observations for the DOPC/DPPC/
Chol system studied here.
5. Conclusion
A combination ofDSC and 13CCP–MAS solid-stateNMR illustrates that
preferential eSM–Chol interactions are present in DOPC/eSM/Chol model
lipid rafts. A preferential DPPC–Chol interaction was not detected in the
DOPC/DPPC/Chol system within the compositional and temperature
range studied here. The Tmand enthalpy trends fromDSCprovided strong
evidence for a preferential eSM–Chol interactionwhen the Chol content is
≤20 mol%with no strong evidence for a similar DPPC–Chol interaction in
DOPC/DPPC/Chol. The 13C isotropic chemical shift of the (CH2)n resonance
from 13C CP–MAS NMR provided valuable information regarding acyl
chain ordering without requiring a probe molecule or isotopic labeling.
Together DSC and 13C solid-state NMR provided valuable information
regarding Chol–lipid interactions and phase separation in model lipid
rafts highlighting distinct differences between the DOPC/eSM/Chol
and DOPC/DPPC/Chol systems with regards to preferential sterol–lipid
packing.
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